Stroke, an aging related disease, is the first leading cause of disability and major cause of death in the world. The pathogenesis of neuronal damage in the brain after ischemic stroke is highly complex, involving necrotic, apoptotic and autophagic processes \[[@b1-ad-10-4-807], [@b2-ad-10-4-807]\]. The major distinction between apoptosis and necrosis is that apoptosis of cells follows a programmed pathway that is positively regulated by caspase-dependent signaling factors, whereas necrosis is not programmed and passively triggered by excitotoxity \[[@b3-ad-10-4-807]\]. However, recent evidence have clearly demonstrated that necrotic cell death can also be regulated by the death domain receptor-associated adaptor kinase while caspase-8 is inhibited, which is referred as to necroptosis or programmed necrosis \[[@b4-ad-10-4-807], [@b5-ad-10-4-807]\]. Pharmacological analysis has revealed that treatment with necrostatin-1 (Nec-1), a necroptosis inhibitor \[[@b5-ad-10-4-807], [@b6-ad-10-4-807]\], could reduce neuronal death and infarct volume in animal brains using different models, such as middle cerebral artery occlusion (MCAO) \[[@b5-ad-10-4-807], [@b7-ad-10-4-807]\], traumatic brain injury (TBI) \[[@b8-ad-10-4-807]\], controlled cortical impact (CCI) \[[@b9-ad-10-4-807]\] and hypoxia-ischemia (HI) \[[@b10-ad-10-4-807]-[@b12-ad-10-4-807]\]. These observations indirectly suggested that necroptosis might be involved in the pathogenesis of neuronal death after various injuries to the brain. Presently, there is no study showing biochemical and morphological evidence that directly demonstrates whether signaling factors of the necroptotic pathway are indeed involved in such pathological processes.

Necroptosis is a caspase-independent regulated type of cell death that relies on the formation of a necrosome, which is mainly composed of the receptor-interacting protein kinase-1 (RIPK1), receptor-interacting protein kinase-3 (RIPK3) and mixed lineage kinase domain-like protein (MLKL). Activation of RIPK1 kinase is one of the initiators of the necroptosis pathway. RIPK1, a 74 kDa protein, is composed of a N-terminal kinase domain, an intermediate domain (containing the RIP homotypic interaction motif, RHIM) and a C-terminal death domain \[[@b13-ad-10-4-807], [@b14-ad-10-4-807]\]. When tumor necrosis factor-α (TNFα) binds the TNF receptor-1 (TNFR-1) and forms the associated signaling complex (Complex I) on the membrane, RIPK1 is recruited and then phosphorylated at the appropriate serine residues. Activation of RIPK1 through its phosphorylation in turn activates RIPK3 and MLKL kinases to form Complex IIb under condition of caspase-8 inhibition, which results in necroptosis \[[@b15-ad-10-4-807], [@b16-ad-10-4-807]\].

It has been reported that kinase activation of RIPK1 manifests as auto-phosphorylation \[[@b6-ad-10-4-807]\]. In *in vitro* assays, Nec-1 protects cells from necroptotic death via a reduction of RIPK1 kinase activity through inhibition of RIPK1 serine-phosphorylation at several residues \[[@b17-ad-10-4-807]\]. For example, in HEK293T cells, Yuan and colleagues demonstrated that TNFα induces cell necroptosis and the phosphorylation of RIPK1 at the Ser166 residue i.e. p-RIPK1 (Ser166); both of which can be effectively inhibited by Nec-1 \[[@b18-ad-10-4-807]\]. Therefore, p-RIPK1 (Ser166) is considered a biomarker for the activation of RIPK1 kinase and necroptosis \[[@b18-ad-10-4-807], [@b19-ad-10-4-807]\].

In this study, we used a MCAO model in rats combined with different approaches to investigate the possible roles of RIPK1-triggered RIPK3/MLKL-dependent necroptosis in the pathogenesis of ischemic brain injury. We found that cerebral ischemia stimulated phosphorylation of RIPK1 at the Ser166 residue and increased RIPK3 and MLKL expression levels in the brain. Moreover, Nec-1 could effectively inhibit ischemia-induced changes described above while it protected the brain against ischemic injury and functional deficits. Our data suggest that (i) p-RIPK1 (Ser166) participated in RIPK3/MLKL-dependent neuronal necroptosis after cerebral ischemia; (ii) immunostaining with a specific antibody against p-RIPK1 (Ser166) could be used as a morphological biomarker for necroptosis. This study also brings new insights into the pathological mechanism of neuronal damage in the brain after ischemic stroke.

MATERIALS AND METHODS
=====================

Animals
-------

Adult male Sprague-Dawley rats (220-250g) were purchased from the Sino-British SIPPR/BK Laboratory Animal Ltd (Shanghai, China) All experimental procedures followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals Approval of the study protocol was granted by the Ethics Committees of Experimental Research of the Shanghai Medical College of Fudan University (Permit Number: 20120302-128) All surgeries were performed under anesthesia and all efforts were made to minimize suffering and reduce the number of animals used.

Transient focal cerebral ischemia model
---------------------------------------

Unilateral transient focal cerebral ischemia was induced by MCAO as described previously \[[@b20-ad-10-4-807]\]. Animals were anesthetized with 10% chloral hydrate (360 mg/kg, i.p.). Only animals within the normal range of arterial blood pO2, pCO2 and pH, measured by an i-STAT Blood Gas Analyzer (Abbott Laboratories, Chicago, USA), were included in the study. Rectal temperature was maintained at 37 ± 0.5 ºC during surgery with a heating pad. In brief, a 4-0 nylon monofilament with a rounded tip was introduced into the left external carotid artery stump and gently advanced into the internal carotid artery until a slight resistance was felt. The filament was left in place for 30 min and then withdrawn to allow for reperfusion. The sham-operated animals were treated identically, except there was no occlusion of the middle cerebral artery after the neck incision. Regional cerebral blood flow was monitored by a Laser Doppler perfusion monitor (Periflux system 5000, Terimed AB, Sweden) during pre-ischemia, ischemia, and reperfusion to verify the success of the cerebral ischemia/reperfusion procedure. A decrease in blood flow to 20% of baseline indicates successful MCA occlusion.

Experimental groups and administration of necrostatin-1
-------------------------------------------------------

All animals were randomly divided into three groups: a sham-operated group (Sham); an inactive necrostatin-1 treated control group (iNec); and a necrostatin-1 treated group (Nec-1). Necrostatin-1 and inactive necrostatin-1 purchased from Chemicon (CA, USA) were stereotaxically delivered into the contralateral ventricle (AP, 0.8 mm; ML, 1.4 mm; DV, 3.6 mm) at a volume of 1.5 μl (20 mM, dissolved in 10% DMSO) 30 min before MCAO.

Evaluation of neurological function
-----------------------------------

Neurological assessments were conducted at four time-points: 1 h before MCAO (pre-) and 12, 24, 72 h after the onset of ischemia.

Neurological deficits were scored on a five-point scale according to Longa et al. \[[@b21-ad-10-4-807]\]: 0, no neurological deficits; 1, failure to extend the contralateral forelimb fully when lifting the animal by the tail; 2, contralateral circling; 3, leaning to contralateral side at rest; 4, no spontaneous motor activity.

For the forelimb placing test \[[@b22-ad-10-4-807]\], rats were held by their torsos to make forelimbs hang freely and then brushed against the desktop edge. Normal rats would quickly place the forelimb of both sides on the desktop, while rats with brain injury could not place the contralateral forelimb on the desktop edge successfully. The rats were tested 10 times and scores were represented by the number of times the forelimbs were placed on the edge of the table.

Brain section preparation
-------------------------

Animals were deeply anesthetized with 10% chloral hydrate (360 mg/kg, i.p.) and quickly transcardially perfused with saline followed by 4% paraformaldehyde (PFA) dissolved in 0.1 M phosphate-buffer (pH 7.4). Brains were removed and post-fixed in 4% PFA for 12 h and successively equilibrated in 20% and 30% phosphate-buffered sucrose solutions. The brains were then embedded using Tissue-Tek (OCT compound, Sakura, CA, USA) and frozen at -20 ºC. Serial coronal sections were obtained (30 μm thick, Bregma 1.0 mm to -0.2 mm) using a freezing microtome (Model 820-II, Leica, Wetzlar, Germany) and stored at -20 ºC in cryoprotectant solution.

Assessment of infarct volume
----------------------------

Serial coronal sections for Cresyl violet (Sigma, MO, USA) staining were collected (30 μm thick at 360 μm intervals, 1.60 to -4.80 mm from Bregma) when preparing brain sections as described above. The infarct areas were recorded with a digital camera using a 1.25× objective and analyzed with Adobe Photoshop CS6 (V13.0, Adobe Systems, CA, USA). The percentage of the infarct volume was calculated by the following formula: \[(total contralateral hemispheric volume)-(total ipsilateral hemispheric stained volume)\]/(total contralateral hemispheric volume) × 100%.

Immunohistochemistry and immunofluorescence
-------------------------------------------

Brain sections were incubated with rabbit monoclonal anti-phospho-RIPK1 (Ser166) (1:100, 65746S, Cell Signaling, MA, USA) antibody overnight at 4 ºC followed by incubation with corresponding biotinylated secondary antibody (Vector Laboratories, CA, USA) and avidin-biotin-peroxidase complex (Vector Laboratories). Immunoreactivity was detected with 0.05% diaminobenzidine (Sigma) solution. For double staining, sections were incubated with mouse monoclonal anti-NeuN (1:200, ab13938, Abcam, Cambridge, UK) and immunoreactivity was detected with the Vector® Blue AP Substrate Kit (Vector Laboratories). Incubation without the primary antibody served as negative control where no immunoreactive signal was detected.

For immunofluorescence, brain sections were incubated with anti-phospho-RIPK1 (Ser166) antibody overnight at 4 ºC followed by incubation with anti-rabbit IgG-594 (1:1000, A21207, Life Technologies, MA, USA) antibody for 1 h at 37 ºC. Nuclei were counterstained with DAPI at room temperature for 15 min. The fluorescent signals were detected at excitation 535 nm and emission 565 nm (594), 380 nm and 530 nm (DAPI), using confocal laser scanning microscopy (TCS SP5, Leica, Wetzlar, Germany).

Sections underwent the same fixation, sectioning, and immunostaining procedures described above in preparation for cell counting. NeuN-p-RIPK1 double-labeled cell counting was performed using a light microscope (DMI6000B, Leica, Wetzlar, Germany) with a 20× objective, digitizing four views randomly chosen from the peri-ischemic area in the ipsilateral and contralateral striatum.

TUNEL staining
--------------

TUNEL staining was performed to obtain fluorescein-labeling according to the manufacturer's instructions in the In Situ Cell Death Detection Kit (Roche Diagnostics, Mannheim, Germany). Immunofluorescence was then performed using the anti-phospho-RIPK1 (Ser166) antibody according to the procedure above to obtain a double stain with TUNEL-positive cells. TUNEL-positive cells were observed at excitation 488 nm and emission 525 nm using confocal laser scanning microscopy (TCS SP5, Leica).

Western blotting
----------------

Snap-frozen brain tissue was homogenized with ice-cold RIPA lysis buffer and the supernatant was collected as previously described \[[@b20-ad-10-4-807]\]. 20 μg of total protein lysate was used for SDS-PAGE and transferred onto PVDF membranes (Bio-Rad, CA, USA). The membranes were incubated with mouse monoclonal anti-RIPK1 (1:1000, 610458, BD Pharmingen, CA, USA), rabbit monoclonal anti-phospho-RIPK1 (Ser166) (1:1000, 65746S, Cell Signaling), rabbit polyclonal anti-RIPK3 (1:1000, ab56164, Abcam), rat monoclonal anti-MLKL (1:1000, MABC604, Merck Millipore, MA, USA), rabbit monoclonal anti-phospho-MLKL (Ser345) (1:1000, 37333S, Cell Signaling), mouse monoclonal anti-IL-1β (1:1000, MCA1397, AbD Serotec, Kidlington, UK), rabbit polyclonal anti-H3 (1:2000, 9715S, Cell Signaling) or mouse monoclonal anti-GAPDH (1:10000, KC-5G4, KANGCHEN, Shanghai, China) antibody overnight at 4 ºC, and then incubated with anti-mouse/rabbit IgG peroxidase-conjugated secondary antibody (Santa Cruz, CA, USA). Signal was visualized with Western blotting Luminol Reagent (Santa Cruz), detected using ChemiDoc™ Touch Imaging System (Bio-Rad) and quantified with Image J software (V1.48, National Institutes of Health, USA). Beta-actin (1:10000, A5441, Sigma) was used for signal normalization.

Dephosphorylation
-----------------

A total of 20 μg protein lysate was collected as above and mixed with Calf Intestinal Alkaline Phosphatase (CIP) (2 μl/200 μl total reaction volume, NEB, MA, USA). For the dephosphorylation reaction, we incubated the mixture at 37 ºC for 30 min followed by precipitation with precooled acetone.

Figure 1.Expression and identification of phosphorylated RIPK1 in rat brains after ischemic injury(**A**) Expression levels of RIPK1 in sham-operated (Sham) and ipsilateral (IPSI)/contralateral (CON) striatum at 24 h after MCAO. Expression levels of total RIPK1 (B) and low molecular weight RIPK1 (C) increased in the ipsilateral striatum compared with the contralateral striatum and sham-operated rats (n≥6). \*p\<0.05. (**D**) De-phosphorylation of RIPK1 in the ipsilateral striatum at 24 h after MCAO by calf intestinal alkaline phosphatase (CIP) treatment. (**E**) Expression levels of RIPK1 in the nuclear and cytoplasmic compartments of cells in the ipsilateral striatum, H3 was used as a specific nuclear marker and GAPDH as a specific cytoplasmic marker. (**F**) L-RIPK1 immuno-reacted with p-RIPK1 (Ser166) monoclonal antibody.

Figure 2.Distribution of phosphorylated RIPK1 (Ser166) in the ischemic rat brain(**A**) Morphology of p-RIPK1 positive (p-RIPK1^+^) cells in the contralateral (CON) and the ipsilateral (IPSI) striatum at 24 h after MCAO. (**B**) p-RIPK1^+^ (red) signals co-localized with DAPI (blue) in the ipsilateral striatum of rats at 24 h after MCAO. (**C**) p-RIPK1 and NeuN double positive (p-RIPK1^+^-NeuN^+^) neurons in the ipsilateral striatum at 24 h after MCAO. (**D**) The number of p-RIPK1^+^-NeuN^+^ neurons increased in the ipsilateral (IPSI) compared with the contralateral (CON) striatum at 24 h after MCAO (n=5). \*p\<0.05. (**E**) p-RIPK1^+^ signals co-localized with TUNEL stain (green) in the ipsilateral striatum at 24 h after MCAO. Both black and white scale bars in all figures represent 50 μm.

Nuclear fractionation
---------------------

The brain tissue was fractionated using the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Jiangsu, China) according to the manufacturer\'s instructions. Briefly, fresh brain tissue was collected and homogenized with ice-cold cytoplasmic extraction buffer (200 μl/60 mg tissue) then centrifuged (1500 g, 5 min, 4 ºC); the resultant supernatant was the cytoplasm fraction. The precipitate was then resuspended with nuclear extraction buffer, centrifuged (15000 g, 5 min, 4 ºC) and the resultant supernatant was the nuclear fraction.

Statistical analyses
--------------------

Experimenters performing drug administration, neurological evaluation and cell counting were blinded to the test conditions until after the study was over.

All experiments were performed at least in triplicates and data are reported as mean ± SEM. Data of neurological scores were analyzed by ANOVA using the PROC GLM of the SAS software (V9.4, SAS Institute, NC, USA). All other data were analyzed using unpaired *t* tests for comparisons between two groups using the GraphPad Prism software (v5.01, GraphPad Software, CA, USA). The criterion for statistical significance was p\<0.05.

RESULTS
=======

Ischemic injury induced RIPK1 phosphorylation in the ipsilateral striatum of rat brains after middle cerebral artery occlusion
------------------------------------------------------------------------------------------------------------------------------

We carried out Western blotting to detect changes of RIPK1 expression level in ischemic rat brains at 24 h after MCAO. The expression level of RIPK1 significantly increased in the ipsilateral striatum (IPSI) compared with that in the sham-operated (Sham) and the contralateral (CON) striatum ([Fig. 1A and B](#F1-ad-10-4-807){ref-type="fig"}). Interestingly, in the ipsilateral striatum, we simultaneously detected a clear low molecular weight band around 58 kDa (L-RIPK1), which was not detected in the contralateral and sham controls ([Fig. 1A and C](#F1-ad-10-4-807){ref-type="fig"}). To determine whether RIPK1 was phosphorylated in the ischemic injured tissues, we further treated samples with calf intestinal alkaline phosphatase (CIP) for protein dephosphorylation before running gel electrophoresis. We observed the disappearance of those L-RIPK1 bands following treatment with CIP, indicating that L-RIPK1 was phosphorylated after cerebral ischemic injury ([Fig. 1D](#F1-ad-10-4-807){ref-type="fig"}). Thereafter, we performed an immunoblotting assay with nuclear and cytoplasmic extraction from ischemic brain tissues and found that L-RIPK1 were mainly detected in the nuclear fraction ([Fig. 1E](#F1-ad-10-4-807){ref-type="fig"}). Furthermore, we used a monoclonal antibody against phosphorylated RIPK1 at the Ser166 residue i.e. p-RIPK1 (Ser166) and found that L-RIPK1 bands, but not original RIPK1 bands, were immunoreacted with the antibody against p-RIPK1 (Ser166) (p-RIPK1, [Fig. 1F](#F1-ad-10-4-807){ref-type="fig"}). Taken together, these results suggest that cerebral ischemic injury induced RIPK1 phosphorylation at the Ser166 residue.

Figure 3.Necrostatin-1 treatment protected brains against ischemic injury(**A**) Experimental protocol of necrostatin-1 (Nec-1) treatment in MCAO rats. Nec-1/inactive necrostatin-1 (iNec) were stereotaxically injected to the right lateral ventricle 30 min before MCAO surgery. Rat brains were subjected to reperfusion at 30 min after occlusion of the MCA. Neurological evaluations were performed at 1 h before MCAO (pre-) and 12, 24, 72 h after MCAO. (**B**) Schematic of the brain shows the injection position of Nec-1/iNec (contralateral ventricle) and the areas of the infarct core (dotted line) after ischemic injury. (C-D) Nec-1 reduced infarct volume at 24 h after MCAO compared with iNec group (n=6-7). (E-F) Nec-1 reduced neurological impairments after cerebral ischemia. The graphs show neurological scores (E) and forelimb placing scores (F) of rats treated with Nec-1 (black bar) or iNec (white bar). \*\*p\<0.01.

Ischemic injury increased phosphorylation of RIPK1 at the S166 residue in the neurons of rat brains after middle cerebral artery occlusion
------------------------------------------------------------------------------------------------------------------------------------------

We next investigated the distribution of p-RIPK1 (Ser166) by means of immunohistochemical staining of brain sections at 24 h after MCAO. We found that p-RIPK1 (Ser166) positively stained (p-RIPK1^+^) cells exist in both the normal and ischemic injured brain, but the morphology of p-RIPK1^+^ cells were different. In the contralateral hemisphere, p-RIPK1^+^ cells presented a typical morphology being hollow, circular and with short processes, whereas, p-RIPK1^+^ cells in the ipsilateral hemisphere showed an obvious solid circle ([Fig. 2A](#F2-ad-10-4-807){ref-type="fig"}). We further confirmed that this p-RIPK1^+^ signal was mainly in the cell nucleus as indicated by colocalization of p-RIPK1^+^ with DAPI in the cells ([Fig. 2B](#F2-ad-10-4-807){ref-type="fig"}). We also found p-RIPK1^+^ signals in the neurons as indicated by double staining of p-RIPK1 and NeuN (p-RIPK1^+^-NeuN^+^). The number of p-RIPK1^+^-NeuN^+^ neurons were significantly increased in the ipsilateral striatum compared with that of the contralateral ([Fig. 2C and D](#F2-ad-10-4-807){ref-type="fig"}). Therefore, we further performed double immunostaining of p-RIPK1 and TUNEL, a marker for double-strand breaks of DNA, at 24 h after MCAO to study the relationship between p-RIPK1 and DNA damage ([Fig. 2E](#F2-ad-10-4-807){ref-type="fig"}). The results showed that 37.41 ± 4.17% of TUNEL^+^ cells showed p-RIPK1^+^ (p-RIPK1^+^-TUNEL^+^) and 74.29 ± 5.38% of p-RIPK1^+^ cells possessed TUNEL^+^, suggesting that most cells with p-RIPK1 had DNA double-strand breaks.

Figure 4.Necrostatin-1 treatment prevented phosphorylation of RIPK1 at Ser166 in neurons after cerebral ischemia(**A-B**) Nec-1 treatment significantly inhibited ischemia-induced increase of p-RIPK1 expression in the ipsilateral striatum (IPSI) at 24 h after MCAO (compared with iNec treatment, p\<0.05, n≥10). (**C-D**) Nec-1 reduced the number of p-RIPK1-NeuN double positive (p-RIPK1^+^-NeuN^+^) neurons in the ipsilateral striatum (IPSI) at 24 h after MCAO (compared with iNec treatment, p\<0.05, n=5). CON=contralateral striatum. Scale bars indicate 50 μm.

Necrostatin-1 treatment protected neurons against cerebral ischemic injury after middle cerebral artery occlusion
-----------------------------------------------------------------------------------------------------------------

Previous studies reported that necrostatin-1, an inhibitor of necroptosis, protected neurons against ischemic injury \[[@b5-ad-10-4-807], [@b7-ad-10-4-807]\]. However, there is still no direct evidence showing whether Nec-1's protective effect was related to inhibition of RIPK1 kinase activity in cerebral ischemic brains. Therefore, we performed a contralateral intracerebroventricular injection of Nec-1 or inactive necrostatin-1 (iNec) in rats at 30 min before MCAO ([Fig. 3A and B](#F3-ad-10-4-807){ref-type="fig"}). We determined whether Nec-1 injection effectively protected neurons against ischemia-induced death by measuring infarct volume and neurological function in ischemic stroke rats treated with Nec-1 or iNec. We observed that Nec-1 treatment significantly reduced infarct volume (5.08±0.02% in Nec-1 group vs. 45.44±0.1% in iNec group) at 24 h after MCAO ([Fig. 3C and D](#F3-ad-10-4-807){ref-type="fig"}). Neurological deficient scores and forelimb placing scores were evaluated at 1 h before MCAO (pre-) and 12, 24, 72 h after MCAO. The results showed that Nec-1 treatment caused a trend towards the reduction of the neurological deficient scores ([Fig. 3E](#F3-ad-10-4-807){ref-type="fig"}) and a significant enhancement of the forelimb placing scores ([Fig. 3F](#F3-ad-10-4-807){ref-type="fig"}), suggesting that Nec-1 treatment improved the recovery of neurological function in rats after ischemic stroke.

Necrostatin-1 treatment prevented RIPK1 phosphorylation and its downstream signaling activation
-----------------------------------------------------------------------------------------------

We found that Nec-1 treatment could effectively reduce the amount of L-RIPK1 expression in the ischemic injured brains ([Fig. 4A and B](#F4-ad-10-4-807){ref-type="fig"}) and significantly decrease the number of p-RIPK1^+^-NeuN^+^ double labeled neurons in the ipsilateral striatum ([Fig. 4D](#F4-ad-10-4-807){ref-type="fig"}). These results clearly indicate that stroke-induced RIPK1 phosphorylation plays a critical role in neuronal necroptosis after ischemic stroke. Therefore, we explored the changes of downstream signaling factors of RIPK1-mediated necroptosis in ischemic brains with and without Nec-1 treatment. We used immunoblotting to determine the expression levels of RIPK3 and MLKL, which were the components of the necrosome and that their activities were stimulated by phosphorylated RIPK1 \[[@b16-ad-10-4-807], [@b23-ad-10-4-807]\]. It was reported that MLKL phosphorylated and formed oligomers to regulate plasma membrane permeabilization, ultimately leading to necroptosis \[[@b24-ad-10-4-807], [@b25-ad-10-4-807]\]. Therefore, we also detected phosphorylation of MLKL by p-MLKL (Ser345) monoclonal antibody. The results showed that ischemic stroke induced the increase of RIPK3, MLKL and p-MLKL (Ser 345) expression levels in the ipsilateral striatum at 24 h after MCAO ([Fig. 5A](#F5-ad-10-4-807){ref-type="fig"}). Treatment with Nec-1 was observed to simultaneously prevent ischemia-induced increase of RIPK3, MLKL and p-MLKL (Ser345) levels, through its inhibition of RIPK1 kinase activity in the ipsilateral striatum ([Fig. 5A, B-D](#F5-ad-10-4-807){ref-type="fig"}). Furthermore, we also found that ischemic injury induced the formation of mature interleukin-1β (IL-1β), and Nec-1 treatment could significantly suppress mature IL-1β generation ([Fig. 5A, E](#F5-ad-10-4-807){ref-type="fig"}).

Figure 5.Necrostatin-1 treatment inhibited ischemia-induced expression of RIPK3/MLKL and formation of IL-1β in rat brains after MCAOExpression levels of RIPK3, MLKL, p-MLKL and IL-1β (**A**) in the ipsilateral (IPSI) and contralateral (CON) striatum at 24 h after MCAO. Statistical analysis showed that Nec-1 treatment significantly suppressed RIPK3 (B), MLKL (C), p-MLKL (D) and mature IL-1β (**E**) expression levels in the ipsilateral striatum of MCAO rats compared with iNec-1 treatment (CON), n=4, \*p\<0.05.

DISCUSSION
==========

In this study, we elucidated the mechanism of necroptosis in the brain after transient cerebral ischemic injury. Necrostatin-1 treatment protected brains against ischemic injury via reducing RIPK1 kinase activity by inhibition of RIPK1 phosphorylation at the Ser166 residue and its downstream signaling factors. We also provide evidence that p-RIPK1 (Ser166) can be used as a biomarker for necroptosis in ischemic/traumatic brain injury.

Activation of RIPK1 kinase induced by TNFα is capable of initiating two cell death pathways (i) RIPK3/MLKL-dependent necroptosis and (ii) FADD (FAS-associated via death domain)/caspase-8-dependent apoptosis \[[@b26-ad-10-4-807], [@b27-ad-10-4-807]\]. It has been reported that phosphorylation of RIPK1 at the Ser166 residue can be an indicator for activated RIPK1 kinase \[[@b18-ad-10-4-807], [@b19-ad-10-4-807]\]. Under non-ischemic conditions, RIPK1 kinase is generally inactive \[[@b6-ad-10-4-807], [@b28-ad-10-4-807]\]. This was supported by our results wherein activation of RIPK1 kinase was almost undetectable in the contralateral hemisphere as well as sham-operated animals ([Fig. 1A and C](#F1-ad-10-4-807){ref-type="fig"}). Interestingly, we found that transient cerebral ischemia could significantly activate RIPK1 kinase as indicated by increase of p-RIPK1 (Ser 166) in injured brain tissues ([Fig. 1F](#F1-ad-10-4-807){ref-type="fig"}). Based on the results from immunoblotting combined with the CIP assay, we found that L-RIPK1 contained p-RIPK1 (Ser166) ([Fig. 1A, D and F](#F1-ad-10-4-807){ref-type="fig"}). Results from the Nec-1 treatment further supported this finding ([Fig. 4A](#F4-ad-10-4-807){ref-type="fig"}). Furthermore, we found that p-RIPK1 (Ser166) was mainly localized to the cell nucleus in ischemic brains ([Fig. 1E](#F1-ad-10-4-807){ref-type="fig"} and [Fig. 2A-B](#F2-ad-10-4-807){ref-type="fig"}), suggesting that p-RIPK1 translocated to the nucleus in times of cellular stress. Taken together, the increase in p-RIPK1 (Ser166) expression level and its cellular location are associated with RIPK1-mediated necroptosis in ischemic brain injury.

We also demonstrated that ischemia-induced phosphorylation of RIPK1 is a specific indicator for necroptosis. We found that in the cells with p-RIPK1^+^, more than 70% of them were also TUNEL^+^, indicating that cells with p-RIPK1 (Ser166) were going to die ([Fig. 2E](#F2-ad-10-4-807){ref-type="fig"}). In a recent *in vitro* study, it was reported that Nec-1, but not iNec, specifically inhibited phosphorylated RIPK1 kinase at several residues, including Ser14, Ser15, Ser161 and Ser166 \[[@b17-ad-10-4-807]\]. However, Nec-1 and iNec were also found to inhibit indoleamine 2,3-dixoygenase (IDO), which is implicated in neuroinflammation but not directly associated with RIPK1 activation \[[@b29-ad-10-4-807], [@b30-ad-10-4-807]\]. To elucidate the mechanism of necroptosis, we further analyzed the effects of Nec-1 and iNec on the activation of RIPK1 and its downstream factors. We found that Nec-1, but not iNec, inhibited activation of RIPK1 and its downstream targets after ischemic stroke. Therefore, we demonstrated that Nec-1 can effectively inhibit RIPK1 phosphorylation at the Ser166 residue since Nec-1, but not iNec, significantly reduces the number of p-RIPK1^+^ neurons ([Fig. 4C-D](#F4-ad-10-4-807){ref-type="fig"}) as well as the expression levels of L-RIPK1 in ischemic injured brains ([Fig. 4A-B](#F4-ad-10-4-807){ref-type="fig"}) although we cannot exclude its inhibitory effects on the other residues. RIPK1 phosphorylation is implicated in caspase-8-mediated apoptosis and RIPK3-MLKL-dependent necroptosis \[[@b17-ad-10-4-807], [@b18-ad-10-4-807], [@b31-ad-10-4-807]\]. In this study, we showed that p-RIPK1 (Ser166) induced by ischemia triggered the RIPK3/MLKL-dependent necroptotic pathway. We also demonstrated that ischemia-induced RIPK1-mediated RIPK3/MLKL necroptosis was specific because Nec-1 treatment could significantly inhibit ischemia-induced increase of RIPK3, MLKL and p-MLKL expressions as well as attenuate ischemic brain injury via inhibition of RIPK1 kinase activity ([Fig. 4](#F4-ad-10-4-807){ref-type="fig"} and [Fig. 5A, B-D](#F5-ad-10-4-807){ref-type="fig"}). Collectively, our results indicate that ischemic-induced necroptotic neuronal death occurs via activation of the RIPK1-mediated RIPK3-MLKL signaling pathway. This study also provides clear-cut biochemical evidence that illustrate the mechanism of the necroptotic process in the ischemic injured brains.

It has been demonstrated that an inflammatory response occurs centrally after ischemic injury \[[@b32-ad-10-4-807]\]. Our results confirm that ischemic injury induced the increase of mature interlukin-1β (IL-1β) in the brain ([Fig. 5A, E](#F5-ad-10-4-807){ref-type="fig"}). Interestingly, Nec-1 treatment could simultaneously inhibit the formation of mature IL-1β in the brain following ischemic stroke. These results suggest that activation of RIPK1-mediated RIPK3/MLKL-dependent necroptosis in ischemic brains could stimulate an inflammatory response, which has a hand in neuronal death. A previous study reported that a reduction of the inflammatory response was seen in transgenic mice with RIPK3 or MLKL kinase genes being deleted \[[@b33-ad-10-4-807]\]. However, when the RIPK1 kinase gene was deleted, there was no change in the inflammatory response \[[@b33-ad-10-4-807]\], but an increase of apoptosis was seen in the liver \[[@b34-ad-10-4-807]\], suggesting that RIPK1 kinase is involved in multiple pathways.

In conclusion, our study was the first to demonstrate that p-RIPK1 (Ser166) increases in the brain after ischemia, which then activated the RIPK3/MLKL-dependent necroptotic signaling pathway to cause neuronal death. Nec-1 treatment was able to protect against ischemic neuronal death by inhibiting RIPK1-mediated RIPK3/MLKL-dependent necroptosis in rat brains following ischemic stroke. Due to the specific activation of p-RIPK1 (Ser166) in cerebral ischemia, we suggest further studies to explore its feasibility as a biomarker for necroptosis and a potential therapeutic target for neuroprotection.
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